ABSTRACT Populations of red oak borer, Enaphalodes rufulus (Haldeman), a native wood-boring beetle, seem to be at unprecedented levels that are coinciding with extensive oak mortality occurring in the Ozark Mountains of Arkansas, Oklahoma, and Missouri. To quantify population levels, we developed intensive and extensive sampling methods with respect to the seasonal phenology of active and quiescent stages of the borerÕs synchronous 2-yr life cycle. Intensive whole-tree sampling yields data for the entire infested tree bole and provides baseline data for development of less timeconsuming sampling methods. Extensive partial-tree sampling uses a nine-sample proportional sampling scheme to estimate densities, which are extrapolated to the whole tree. Data comparison reveals extensive estimates and intensive data are not signiÞcantly different, thus verifying extensive sampling as a relatively accurate and acceptable sampling method. Preliminary data from 58 trees conÞrm epidemic population levels in three areas of the Ozark National Forest in northern Arkansas. Mean number of phloem galleries initiated by current generation larvae on 38 trees was 599 Ϯ 50 (SE) per tree, average number of live red oak borer found in 57 trees was 77 Ϯ 15 per tree, and mean number of previous generation heartwood galleries present in 38 trees was 185 Ϯ 30. Data generated through this research will permit detailed studies of red oak borer biology and mortality, facilitate development of less time-consuming Þeld sampling techniques, and set the stage for further study of factors contributing to the current outbreak and associated tree mortality.
OAK-HICKORY FORESTS OF the Ozark Plateau of northern and central Arkansas, eastern Oklahoma, and southern Missouri are currently experiencing an oak decline event with concurrent mortality to thousands of red oak trees (Starkey et al. 2000) . Oak-hickory forests comprise up to 67%, Ϸ6.5 million hectares of the forested area of the Ozark-Ouchita Highlands, and Ϸ25% of the live tree and sawtimber volume is red oak (U.S. Dep. Agric. FS 1999) . Apart from harmful economic effects on the local timber industry, widespread oak mortality in the Ozark Highlands may also have severe ecological consequences because of red oaks being a signiÞcant mast (acorn) producer for wildlife (Kirkpatrick and Pekins 2002) . Public safety is also an important issue because of branches and dead trees falling along camping areas, hiking footpaths, and roadways (Starkey et al. 2000) . Manion (1991) described forest decline syndromes in terms of predisposing, inciting, and contributing factors. Predisposing factors include tree genotype and age, prolonged drought, and low site quality, e.g., poor soils. Acute short-term drought stress, late frost, and defoliation are considered inciting factors, whereas contributing factors include boring from secondary insects, root diseases, and cankers. Oak decline or similar events have been described in most eastern states including the Ozarks (Tryon and True 1958 , Mistretta et al. 1981 , Yeiser and Burnett 1982 , Tainter et al. 1984 . The current oak decline event seems to be unique because it is associated with an unprecedented outbreak of a native long-horned wood-boring beetle, the red oak borer Enaphalodes rufulus (Haldeman) (Coleoptera: Cerambycidae). Red oak borer is found across the eastern United States and has been considered a minor pest of oaks, seldom causing tree mortality. Historically average populations were estimated at much less than one larva per tree, with survival and emergence of one beetle per tree indicating a severe infestation (Hay 1974) . Early observations and preliminary studies revealed red oak borer population densities in the Ozark National Forest far exceeding HayÕs severe infestation estimates ).
Intensive examination of the entire infested surface of trees is a natural starting point for quantitative studies to deÞne factors responsible for an insect outbreak (DeMars 1970 , Pulley et al. 1977 , Nebeker et al. 1978 . Intensive sampling permits description of within-tree insect population densities and distributions, mortality estimates, occurrence of predators, parasites, and other associates, and construction of life tables (Southwood and Henderson 2000) . During initial population studies of this outbreak, we determined that intensive sampling of the entire infested bole would ensure "oversampling" or collection of sufÞ-cient data to allow for a great degree of precision (Coulson et al. 1975) . Information derived from intensively sampled trees can also be used for developing other less intensive sampling techniques (Pulley et al. 1977) .
Development of extensive sampling methods can minimize sampling effort in individual habitats, thus permitting a greater sampling effort over a larger geographic area (Southwood and Henderson 2000) . Coulson et al. (1975) suggest use of a proportional extensive sampling scheme for sampling within-tree southern pine beetle populations. This type of stratiÞed sampling is superior to simple random sampling because it provides better precision at less cost than either random sampling or stratiÞed random sampling (Pulley et al. 1977 , Nebeker et al. 1978 .
The primary objectives of this research were to develop intensive and extensive sampling methods, to assess in detail within-tree populations of red oak borer, and to compare extensive estimates to intensive counts to determine if extensive methods provide acceptably accurate estimates of within-tree populations. We also present initial results of within-tree red oak borer populations using intensive and extensive sampling and describe the life cycle, larval characteristics, and biology of red oak borer in northern Arkansas. We anticipate that techniques described here may serve as a foundation for development of a rapid survey method that will provide current and predictive estimates of area-wide population levels, damage, and landscape-level distribution. Data from this research will be critical in understanding what factors triggered the current outbreak and predicting where outbreaks might occur in the future and how long high populations will persist.
Materials and Methods
Life Cycle. The red oak borerÕs unique life cycle necessitates carefully timed, distinct sampling methods for the different periods of activity and quiescence (Fig. 1) . Red oak borer exhibits a synchronous 2-yr life cycle in northern red oak, Quercus rubra L., black oak, Q. veluntina Lam., scarlet oak, Q. coccinea Muenchh., and white oak, Q. alba L., in Kentucky and Ohio, with adult emergence occurring only in odd numbered years (Hay 1969 , Galford 1983 . Passive and active trapping, Þeld observations, and dissection of red oak borerÐinfested trees, (1999 Ð2004) conÞrm that red oak borer also display a synchronous 2-yr life cycle in northern Arkansas red and white oak hosts. Adults emerge, mate, and oviposit in June and July of oddnumbered years. After emergence, activity is mostly nocturnal (Donley 1978) . Females oviposit an average of 119 eggs, predominantly in bark crevices, but also under vines or lichens (Donley 1978) . Eggs hatch in Ͻ2 wk (Solomon 1995) , and larvae bore through the bark surface, forming small attack holes (Fig. 2) . Larvae then spend 4 mo actively feeding in phloem tissue and forming small feeding galleries until mid-November (Active 1; Fig. 3 ). They over-winter in these galleries until the following spring (Quiescence 1). In June of even-numbered years, larvae chew out of old phloem galleries, which have become darkened and necrotic, and form second-year feeding galleries in phloem and sapwood (Active 2; Fig. 4 ). Simultaneously, they also chew into the heartwood, forming 15Ð25 cm vertical tunnels (Fig. 5 ). In the second year, larvae overwinter from November to June in heartwood galleries protected with a frass plug (Quiescence 2). In June of the second year (oddnumbered), larvae again become active, pupating and emerging through large exit holes in the bark surface in June and July (Active 3; Fig. 6 ).
Sample Trees. Fifty-eight northern red oaks, 2 white oaks, and 1 black oak were harvested from three areas in the Ozark National Forest, AR. Trees, representing a continuum of tree health based on crown condition, were chosen for sampling using two criteria: evidence of current red oak borer infestation and opportunity to safely fell the tree. Tree diameter at breast height (dbh), crown condition, and number of emergence holes below 2 m were recorded before felling. To retain information on cardinal directions, due north was marked on each tree before felling. After felling, total tree height and height of infested bole were measured, and a chainsaw was used to cut a north line along the entire length of the infested bole. Trees were cut into 0.5 m sample units from 0.5 m above the ground to the highest point of active infestation. Sample unit lengths of 0.5 m were the most practical and manageable size for handling and dissection. Sample units were labeled using a black permanent marker to indicate forest plot, tree number, and sample location on tree bole (top or bottom in relation to, and numbered sequentially from, tree base). Sample units were transported to the laboratory, where all lichen and moss were removed using a 152 mm coarse wire wheel mounted to a reversing hand drill. Sample units were stored at 5ЊC to suspend red oak borer development.
Tree age was determined in the laboratory by counting annual rings on an Ϸ8-cm-thick transverse section cut from the base of the tree. Tree age ranged from 50 to 105 yr, height from 14.5 to 23.5 m, and dbh from 18 to 38 cm. Northern red oaks were felled between January 2002 Intensive Sampling. Twenty-four of the 58 northern red oaks, the 2 white oaks, and the black oak were dissected based on the red oak borerÕs life cycle (Fig. 1 ). Samples were removed from cold storage, and all attack and emergence holes were mapped and counted. First-year sampling methods were used during the Þrst active period (A1) and Þrst quiescent period (Q1), from August to May of even-numbered years. Second-year sampling methods were used from June to adult emergence in the following odd-numbered year. This time period encompasses the second active period (A2), the second quiescent period (Q2), and the third active period (A3).
Bark Mapping. Red oak borer larval attack holes and previous generation adult emergence holes on the bark surface were identiÞed (Donley and Terry 1977, Solomon 1995) (Figs. 2 and 6 ), counted, and marked using colored grease pencils. Locations of attack or emergence holes were recorded using distance from base of the sample unit (rise) and distance to the right of the line indicating north (run). Mapping was done in this manner to permit exploration of spatial patterns of attack and survival and to provide basic information for subsequent work on host selection, adult behavior, and population dynamics (Shepherd 1965) . Bark mapping methods remained constant throughout the life cycle. Subsequent dissection methodology, however, was dependent on life stage being sampled.
First-Year Sampling Methods. In northern Arkansas, in late summer and fall of odd-numbered years, red oak borer larvae form feeding galleries by actively foraging in tree phloem from the time of initial larval attack to November (Fig. 3) . Larvae remain in these "Þrst-year galleries" in a quiescent state until June of the following even-numbered year. To expose these galleries, sample units were placed in handmade wooden cradles and outer bark was removed using a drawknife with a straight 25 cm blade. Location of galleries and phloem surface area foraged was recorded and removal of bark and live tissue continued until larval presence was established. Live larvae were placed between petri dishes to limit movement and allow measurement of larval length and head capsule width to the nearest millimeter using calipers. Other insects found in galleries and larval remains were also noted.
Second-Year Sampling Methods. In even-numbered years, from mid-to late June until November, larvae become active and form second-year galleries within living tree tissues, phloem, cambium, and xylem (Fig. 4) . During this time, they simultaneously excavate heartwood galleries in which they will overwinter. To expose both Þrst-and second-year galleries, outer bark was removed as described above. First-year galleries in which larvae did not survive were noted. Further tissue removal revealed second-year galleries and heartwood-gallery entrance holes. Location and area foraged were noted. Sample bolts were split using a 26 ton log splitter to determine presence or absence of live red oak borer larvae, pupae, or adults in heartwood galleries (Fig. 5) . Larval location, second year or heartwood gallery, length, and head capsule width were recorded.
Previous Generation Gallery Dissection. On removal of all bark, with both Þrst-and second-year dissection methods, and before splitting, heartwood galleries formed by previous generations of red oak borer were identiÞed (Fig. 7A) . During the Þrst year of the red oak borer life cycle, current generation galleries were located on the surface, so all heartwood galleries present were formed by previous generations. Distinguishing between current and previous generation galleries was more difÞcult during the second year. Decay, discoloration, scar tissue, and depth of gallery relative to living tree tissues helped to classify galleries. Previous generation galleries were often partially or completely covered with scar tissue, resulting in an obvious bulge after removal of outer bark and phloem. Scar tissue was removed using a hammer and chisel to determine if bulges were attributable to red oak borer (Fig. 7B ). Location and gallery area foraged was recorded.
It was not possible to measure all variables on all sampled trees because of time-dependent aspects of the insectsÕ life cycle, method development, and time constraints. Eight northern red oaks and one white oak were completely mapped and dissected, providing counts of attack holes, emergence holes, current generation galleries (galleries successfully initiated in the phloem by the current generation of larvae), live red oak borers, and previous generation galleries. Four trees were completely mapped and split, providing numbers of attack holes, live red oak borers, and emergence holes. Thirteen trees, including the black oak and white oak, were examined for emergence holes and split, yielding number of emergence holes and live red oak borers.
Extensive Sampling. Thirty-four of the 58 northern red oaks were sampled using extensive sampling methods. Extensive sampling incorporates intensive dissection techniques using nine 0.5-m sample units taken proportionally from the tree bole. The Þrst sample unit was at 1.5Ð2.0 m above ground. This sample unit was always dissected to enable correlations of within-tree data with Þeld-collected information that could be recorded by an observer on the ground. Eight additional sample units were collected proportionally, with samples located at 10% increments from 10 to 90% to the upper limit of the infested bole.
Data Analysis. Using the nine-sample proportional scheme described above, an extensive data set was derived for each red oak borer population variable from each of the 24 intensively sampled trees. This extensive data set was compared with intensive data. For these comparisons, all data were summarized and presented on a per square meter basis.
Extensively sampled tree data were extrapolated to the whole tree by calculating tree surface area based on a frustum of a cone equation:
where SA is surface area of the infested tree bole, r 1 is the radius at the base of the tree bole, r 2 is the radius of the ninth sample unit taken from the tree, and h is the height of infested bole. This equation was validated by comparing calculated tree surface area estimates to actual intensive tree surface area measurements.
Statistical analyses were completed in JMP 5.1 (SAS Institute 2004). Matched pair analysis using paired t-tests was used to compare sampling techniques and determine if intensive data and extensive estimates were statistically different. Percent bias was calculated as percent difference between intensive data and extensive estimates for each parameter of interest. Bias provides information on how much extensive estimates either over-or underestimate true values provided by intensive sampling of whole trees. Correlations between tree and red oak borer population variables were assessed using linear regression analysis, in separate models, with red oak borer population variables, attack holes, current generation galleries, live larvae, emergence holes, and previous generation galleries as dependent variables and tree variables, tree dbh, age, and height as independent variables.
Results
Intensive/Extensive Comparison. Extensive sampling yielded density estimates that were consistently close to true values derived from intensive sampling of 24 northern red oaks (Table 1) . Extensive estimates for attack holes on 13 trees are comparable to intensive data with extensive sampling overestimating real values, with an average positive bias of 4.0%. Current generation gallery counts for a tree represent the sum of all galleries initiated by red oak borer larvae in the current generation. This population variable was measured along the entire infested bole of eight trees. Extensive estimates are comparable with intensive data, with extensive sampling on average underestimating real values with a negative bias of 3.0%. Numbers of live red oak borers were measured along the entire infested bole of 23 trees. Extensive estimates are comparable with intensive data, with extensive sampling underestimating real values with an average negative bias of 4.4%. Extensive estimates of emergence hole density on 24 trees were comparable with intensive data with extensive sampling, on average, underestimating real values with a negative bias of 5.2%. Heartwood galleries formed by previous generations were sampled along the entire infested bole of nine trees and on average extensive sampling underestimated real values with a negative average bias of 1.9%. Paired t-tests revealed no signiÞcant difference between intensive and extensive sampling for the variables measured (Table 1) .
Red Oak Borer Population Data.
Intensive sampling yielded data on a whole tree basis and extensive sampling data were extrapolated to the whole tree using calculated tree surface areas. Calculated whole tree surface area estimates had an average bias of Ϫ2.7% compared with actual surface areas measured with intensive sampling. Paired t-tests revealed no signiÞ-cant difference between calculated and real surface area values (t ϭ 1.36, df ϭ 23, P ϭ 0.1872).
Attack holes mapped on the bark surface of 47 trees ranged from 371 to 5,041 (mean, 2,249 Ϯ 177 SE). Current generation galleries found in 38 trees ranged from 142 to 1,244 per tree (mean, 599 Ϯ 50). Live red oak borer from 57 trees, across all life periods, ranged from 0 to 577 per tree (mean, 77 Ϯ 15). Emergence holes on the bark surface ranged from 7 to 694 on 58 trees (mean, 173 Ϯ 18). Previous generation gallery numbers from 38 trees ranged from 7 to 790 (mean, 185 Ϯ 30).
Linear regression analysis of whole tree data revealed signiÞcant correlations at ␣ ϭ 0.05 between tree dbh and attack holes (t ϭ 3.4; df ϭ 46; P ϭ 0.0014), current generation galleries (t ϭ 3.23; df ϭ 37; P ϭ 0.0026), emergence holes (t ϭ 2.67; df ϭ 57; P ϭ 0.0098), and previous generation galleries (t ϭ 2.18; df ϭ 37; P ϭ 0.0355). Tree age was signiÞcantly cor- Life stage indicates the red oak borer life cycle period when the tree was felled. Q1, Þrst quiescent period; A2, second active period in even-numbered years; Q2, second quiescent period; A3, third active period prior to adult emergence in odd-numbered years.
Mean percent bias quantiÞes how much extensive estimates over-or underestimate intensive data. Paired t-test results are given and indicate no signiÞcant difference in data derived from intensive and extensive sampling techniques. related with number of attacks (t ϭ 3.48; df ϭ 40; P ϭ 0.0012). Tree height was not signiÞcantly correlated with any red oak borer population variables. Statistical analysis of density (per square meter) of measured population variables resulted in one signiÞcant relationship between tree age and attacks (t ϭ 2.97; df ϭ 40; P ϭ 0.0051).
Intensive sampling of two white oaks and a black oak revealed population numbers similar to those found in northern red oak. One of the white oaks was completely mapped and dissected during the Q1 life period and had 3,114 attacks, 1,242 current generation galleries, 8 live red oak borers, and 28 previous generation galleries. The second white oak and black oak were examined for emergence holes and split for live red oak borers during the A3 life period. The white oak had 38 live red oak borers and 68 emergence holes. The black oak had 83 live red oak borers and 49 emergence holes.
Discussion
Potential or realized fecundity is a preferred starting point for mortality analysis and development of life tables (Pedigo 1996) . Initially, we anticipated being able to quantify egg numbers in the Þeld because laboratory rearing of larvae was not difÞcult and eggs were relatively large (Ͼ5 mm). However, after Þeld examination of several trees, up to 5 m on the bole, in different areas during the oviposition period and nocturnal observations of ovipositing females, we found that the cryptic nature of egg placement prohibited use of egg data as a starting point.
Red oak borer attack holes (Fig. 2) have a distinct size and shape that distinguish them from other possible insect damage on the surface of trees (Hay 1969 , Solomon 1995 . Attack holes would therefore be the next logical choice for a starting point to establish red oak borer baseline mortality rates because they are early evidence of egg survival. A major drawback to using attack holes is that laboratory and Þeld observations indicate that some may be relics from previous generation attacks. In some instances, removal of outer bark revealed either scar tissue or smooth phloem tissue underlying attack holes. This indicates that the attack holes were associated with a previous generation attack that was in the process of scarring over or that the attacks were superÞcial phloem injuries that healed over internally leaving little or no trace. Field observations of marked attack holes over 2 yr further support the conclusion that attack holes are cumulative because they remain observable and neither slough off nor heal over.
First-year phloem galleries thus seem to be the earliest starting point for red oak borer mortality analysis because they are just under the bark surface and are easily recognizable, even late into the second year of larval development. This allows division of mortality within a tree into Þrst and second years of the life cycle. In the Þrst year of the life cycle, red oak borer larvae are often found in clusters. As larvae forage, galleries increase in size, frequently resulting in a single amalgamation of 4 Ð 10 merged galleries with only one or two larvae surviving. This may indicate conspeciÞc facultative predation (Dodds et al. 2001 ) and can make it difÞcult to distinguish number and size of original galleries. Another unusual phenomenon encountered when using intensive sampling techniques is that larval remains are rarely found within empty galleries. It is uncertain whether remains quickly deteriorate within the damp tissue of the tree, are removed through cannibalism or predation, or are simply destroyed during bark removal.
Second-year phloem galleries are more difÞcult to identify than Þrst-year galleries. Distinguishing between a second-year gallery with no larvae present and a previous generation second-year gallery can be difÞcult. Current generation second-year galleries are normally the same color as surrounding live tree tissues, although, whereas tissue in older galleries begins to deteriorate, darken, and scar over from the edges.
Previous generation gallery dissection revealed that several successive generations of red oak borers may infest a tree without killing it. Comparison of counts of emergence holes on the bark surface to previous generation gallery values (Table 1) show that exit holes, which are external and easy to see, are reasonable indicators of the number of red oak borers that emerged in previous generations. Two problems encountered in measuring this parameter are that some emergence holes heal over and that red oak borer emergence holes may be difÞcult to distinguish from other large wood-boring insect emergence holes, e.g., carpenter worm, Prionoxystus robiniae Peck (Lepidoptera: Cossidae).
Intensive sampling is very accurate. However, it is impractical at a large scale because it is time consuming and expensive. An intensively sampled tree with an average of 27 (range, 21Ð34) 0.5 m sample units requires Ϸ137 h to collect and dissect, whereas an extensively sampled tree takes Ϸ57 h, a savings of Ϸ80 h/tree. Our research reveals that extensive sampling is acceptably accurate for red oak borer population parameters of interest. Attack and emergence hole estimates were accurate, with extensive estimates only slightly overestimating attack holes and slightly underestimating emergence holes. Extensive estimates of current generation galleries and live larval density, both variables of great interest in knowing current generation densities, and changes in population levels from generation to generation, were also acceptably accurate. Previous generation gallery estimates were very accurate (bias Ͻ 2%), and this variable would be important for determining how many red oak borers were present over the lifetime of the tree and perhaps provide insight into red oak borer densities that lead to tree death. By examining both fresh and residual evidence within individual trees and among large numbers of different trees, it is possible to better understand red oak borer population dynamics. It is important, however, to recognize the strengths and weaknesses of each estimate and attempt to use some combination of sampling techniques and population measurements before drawing Þnal conclusions.
The decision to implement extensive sampling is a compromise between accuracy and efÞciency. Extensive estimates seem accurate enough to justify an increased sampling effort, allowing population estimates at the tree, stand, and perhaps area level. This procedure, however, is still too time consuming and costly to estimate populations at the landscape level. Based on data collected from both intensive and extensive sampling of infested trees, we are developing a rapid estimation procedure that will provide a quick and nondestructive technique for estimating damage and within-tree population densities using variables easily measured in the Þeld. This will allow researchers to rapidly survey populations, estimate damage, and extrapolate population densities to the tree, stand, area, and landscape level.
Red oak borer population densities are much higher in the current oak mortality event than those reported historically. Current generation galleries are from current year attacks associated with successfully formed phloem feeding galleries and are comparable with previous research of active red oak borer attack sites. Hay (1974) found an average of 2.9 attacks on the basal 1.8 m of scarlet oak, northern red oak, and black oak. Our current generation counts from 0.5 to 2 m (1.5 m) of eight intensively sampled trees were 10 times higher (30.1 per tree). Furthermore, we found Ϸ1.8 live borers per tree from 0.5 to 2 m and a maximum of 23 just before adult emergence in 11 trees split in the Þeld in June 2003. In comparison, Hay (1974) found a maximum of 15 borers and an average of 0.62 adults emerging from the basal 1.8 m. Donley and Rast (1984) found an average of 2.0 attack sites per tree in Pennsylvania and 3.6 in Indiana, much less than our whole tree numbers of 599 current generation galleries per tree.
Trees in the red oak group, Erythrobalanus, are preferred hosts for oviposition (Hay 1974 , Donley 1978 . Examination of our data for two white oaks indicates that they are also serving as red oak borer hosts. The two white oak trees we sampled were in areas exhibiting high red oak borer populations and did have visible red oak borer attack holes. The Þrst white oak harvested was completely mapped and scraped and had 1,242 current generation galleries and eight live red oak borers. The second white oak was taken late in the life cycle and had 38 live red oak borers in pupal and pharate adult stages. In comparison, Galford (1983) examined 457 white oaks in Ohio and found only 27 that exhibited signs of red oak borer attack, and those had an average of seven attacks that reached xylem. It is unknown at this point if we inadvertently chose two unusually infested white oak trees or if this is a widespread phenomenon connected to this oak decline event, but it is certainly merits further study.
